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Male contributions to egg production: the role
of accessory gland products and sperm
in Drosophila melanogaster
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Drosophila melanogaster seminal fluid components, accessory gland proteins (Acps) and sperm, induce
females to deposit high numbers of fertilized eggs for about 11 days. This high and sustained level of egg
deposition requires that oogenesis be stimulated to provide the necessary mature oocytes. To investigate
the relative timing and contributions of Acps and sperm in the egg-production process, we examined the
rates of oogenic progression and egg deposition in females mated to genetically altered males that have
seminal fluid deficient in Acps and/or sperm, and subjected these data to path analysis. We found that
Acps and sperm are complementary stimuli necessary for inducing high rates of oogenic progression and
rapid egg deposition. While egg deposition and oogenic progression can be induced by Acps alone, both
Acps and sperm are required for maximum stimulation of oogenic progression and egg deposition

immediately after mating.
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1. INTRODUCTION

Drosophila melanogaster females are stimulated by mating to
deposit eggs at an elevated rate for up to 1l days
(Manning 1962, 1967; Kalb e/ al. 1993; Xue & Noll 2000).
Analysis of females one or more days after mating to
males deficient in specific components of the seminal fluid
demonstrates that male accessory gland proteins (Acps)
and sperm are necessary for elevating this post-mating
response. Females mated to males that transfer neither
main-cell Acps nor sperm were not stimulated to deposit
eggs (Kalb et al. 1993). In contrast, females mated to
males that transfer Acps but not sperm deposit eggs for
24—48h (Hihara 1981; Kalb et al. 1993; Xue & Noll
2000), while females mated to males that transferred
sperm but not Acps deposit eggs for up to five days (Xue
& Noll 2000). These observations indicate that Acps and
sperm, individually, are necessary for stimulating egg
deposition for a few days but that maintenance of elevated
egg deposition for several days requires the receipt and
storage of sperm by the female (the ‘sperm effect’
Manning 1962, 1967, Kalb et al. 1993; Neubaum &
Wolfner 1999).

To sustain this high level of egg deposition for several
days, mature oocytes must be available. Each of the two
ovaries is made up of 16=£1 ovarioles; each ovariole
produces up to two mature oocytes daily. Several control
points and feedback mechanisms regulate the production
of a mature oocyte, a process that is divided into 14 stages
(King et al. 1956; Cummings & King 1969; Margaritis
1985; reviewed in King 1970; Spradling 1993). During the
first seven oogenic stages (pre-vitellogenic stages) the
oocyte and its nurse cells grow at similar rates. During
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stages 8 through 12 (vitellogenic stages) the oocyte grows
rapidly, incorporating yolk proteins from the haemo-
lymph and follicle cells, and proteins and RNAs from the
nurse cells. Yolk-protein uptake begins during stages 8-9;
massive yolk-protein uptake occurs during stages 10A—12.
During stages 13—14 there is no further increase in the
volume of the oocyte and it is now covered by a vitelline
membrane and chorion. A feedback mechanism prevents
oocytes from entering the oviduct before completing
oogenesis (reviewed in Spradling 1993) and oogenic
progression appears to be regulated at stages 8-9, the
start of yolk-protein uptake (Wilson 1982). Oocyte
production is also influenced by egg deposition. If mature
oocytes are not deposited, each ovariole accumulates two
or three stage-14 oocytes, blocking the maturation of
additional oocytes (King & Sang 1959). As a result,
oocytes between stages 7 and 14 disappear (reviewed in
Spradling 1993). In contrast, females during maximum
fecundity show a constant distribution of oogenic stages,
suggesting that oocytes are produced as fast as mature
oocytes leave the ovariole (King & Sang 1959). Though
egg deposition affects the production of additional
oocytes, mating can stimulate oogenesis in the absence of
egg deposition (Holzworth et al. 1974).

Oogenesis, ovulation and egg deposition are part of a
multi-step continuous process. Though the regulation of
egg deposition by Acps and sperm in the first days after
mating is well documented (Manning 1962, 1967; Kalb
et al. 1993; Xue & Noll 2000), early time-points have not
been examined. It is likely that Acps and/or sperm have
important effects much earlier than 24 h, since both are
detectable in the female within 10 min of the start of
mating (Lung & Wolfner 1999) and Acp-dependent
changes in ovulation are detectable by 1.5 h after mating
(Hetfetz et al. 2000). Females mated to males lacking
Acp26Aa show a low initial ovulation rate, indicating
that Acp26Aa regulates the release of mature oocytes by
the ovary (Heifetz et al. 2000). Acp70A (sex peptide),
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when injected into unmated females, stimulates oocytes to
progress to stage 10, indicating that it can override the
control point between stages 9 and 10 (Soller et al. 1997,
1999). While injected Acp70A can stimulate oogenic
progression, it is not clear what roles Acps play in initi-
ating the production of additional mature oocytes and in
increasing oogenic-progression rate after a normal
mating. The role of sperm in stimulating oogenesis has
not been addressed. To address these issues, we analysed
the oocyte-accumulation pattern in the ovaries and the
egg-deposition rate of females mated to males that lack
Acps and/or sperm. We found that both Acps and sperm
are required to stimulate a high rate of oogenic progres-
sion and rapid, maximal egg deposition. In the absence of
sperm, females exhibit a lower oogenic-progression rate
and delay their egg deposition, even shortly after mating.

2. MATERIAL AND METHODS
(a) Flies

Flies were maintained, and aged to three days for experi-
ments, as described previously (Heifetz et al. 2000). Females
used in all the assays came from wild-type Canton S stocks.
Males deficient in Acps (‘DTA-E’) came from a transgenic stock
(Kalb et al. 1993). These males make no Acps from their main
cells (96% of the accessory gland) and no sperm. They make
secondary cell, ejaculatory bulb and ejaculatory duct proteins.
Their 7059°’° non-transgenic brothers served as the wild-type
controls in all experiments using DTA-E males. Spermless males
were the sons of Canton S males and bw sp tud’ females (Boswell

& Mahowald 1985).

(b) Bioassays and analyses

The distribution of vitellogenic oocytes from unmated and
mated females was analysed. At the end of mating, females were
aspirated into fresh vials and held singly for 1.5, 3, 6, 10, 18, or
24 h before their ovaries were removed. Ovaries were fixed,
washed and examined as described in Verheyen & Cooley (1994).

The oocyte-accumulation pattern is defined by the number
and type of vitellogenic oocytes present in the ovary. Vitellogenic
oocytes were classified into three categories (Holzworth ez al.
1974): (i) stages 8-9, when yolk comprises one-third or less of the
oocyte; (i) stages 10A—12, in which yolk comprises one-half or
more of the oocyte; and (iii) stages 13—14, in which dorsal appen-
dages are present. Since no significant difference in the distribu-
tion of oocyte stages between the left and the right ovaries was
found (data not shown), data from the left and right ovaries were
pooled and analysed as number of oocytes per female.

For each female whose ovaries were examined, the number of
eggs deposited in the holding vials was also counted.

Path analysis was performed (Wright 1968; Li 1975; Heifetz
et al. 2000) to evaluate the effects of the act of mating and/or
other components in the male seminal fluid, Acps, sperm and
time after mating on oogenic progression and egg deposition.
The path is shown as a diagram that presents the combined
relationship between the predictors (male genotype (DTA-E;
spermless and wild-type), time after mating and the preceding
developmental stage) and the criteria (number of oocytes at
stages 8-9, stages 10A—12, stages 13-14, and the number of
deposited eggs). The coefficients that estimate the strengths of
the relationships were determined by linear regression (SPSS 8.0
for Windows; SPSS, Inc., Chicago, IL, USA). For the path
analysis, four regression equations were estimated.
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Figure 1. Acps and sperm are required for the stimulation
of egg deposition. The number of eggs deposited by virgin
females and females mated to DTA-E, spermless or wild-type
males at each time-point (1.5, 3, 6, 10, 18 and 24 h) are
plotted as mean & s.e.m. For each treatment at each
time-point, 18—40 females were examined.

(c) Statistics

Duncan’s post-hoc multiple range test (p < 0.05, SPSS 8.0 for
Windows) was used to rank the number of oocytes at each vitel-
logenic developmental stage and the number of deposited eggs
for the different male genotypes and specific times after mating.
A measure of the linear association between two variables (e.g.
each developmental stage and the number of deposited eggs)
was determined by Pearson correlation (SPSS 8.0 for Windows).

3. RESULTS

(a) Acps and sperm are required for the rapid
induction of egg deposition

We examined the egg-deposition rate during the first
24 h after mating of females mated to wild-type, sperm-
less or DTA-E males to determine the earliest time-point
at which the effects of Acps and sperm on egg deposition
were detectable. The number of eggs deposited by females
mated to wild-type males increased rapidly and signifi-
cantly over the first 18 h, from 7.8+1.6 eggs at 3h to
60.8+3.3 eggs at 18h after mating (p < 0.03); egg-
deposition levels remained constant from 18 to 24 h after
mating (figure 1, squares). Though egg deposition was
also stimulated in females mated to spermless males, it
began later (6h versus 3h after mating; figure 1,
diamonds) and was at a consistently lower level (e.g. 32%
at 6h) than that of females mated to wild-type males
(figure 1). Over the 24 h time-course, mates of wild-type
males deposited twice as many eggs as mates of spermless
males. In contrast, females mated to DTA-E males began
to deposit eggs only at 10 h after mating (2.1 &1 eggs) and
deposited 5.9£2 eggs over the 24h period, a level not
significantly different from that seen for virgin females
(figure 1, closed and open circles, respectively). The differ-
ence observed in egg-deposition kinetics between mates of
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Figure 2. Both Acps and sperm are required to stimulate an
increase in oogenic-progression rate as early as 3 h after
mating. The number of oocytes at (a) stages 8-9, (b) stages
10A-12 and (¢) stages 13—14 in ovaries of virgin females and
females mated to wild-type, DTA-E or spermless males are
plotted as mean £s.e.m. for the different time-points
examined. Eighteen to 41 pairs of ovaries were examined for
each treatment at each time-point. Tracings of typical egg
chambers at stages 9, 10A, 12 and 14 are shown at the right.
The yolk protein-containing oocyte is shown in dark grey;
nurse cells are shown in white, with black nuclei.

spermless and wild-type males indicates that both Acps
and sperm are required for the full and rapid initiation of
egg deposition.

(b) Acps and sperm cause a rapid change in the
oocyte accumulation pattern

Since a sustained increase in egg deposition requires a
continued elevated rate of oogenesis, we compared the
oocyte-accumulation patterns in sexually mature virgin
females to those of females mated to DTA-E, spermless or
wild-type males at different times during the first day after
mating (figure 2). Within the 24 h time-course examined,
the ovaries of unmated females showed a progression
towards the accumulation of stage 13—14 oocytes
(figure 2¢). The number of oocytes at stages 10A—12
showed an initial decrease during the first 6 h (figure 25)
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followed by an increase back to the levels found at 3 h, by
24h. These changes seen in the late oogenic stages
indicate that oogenesis is still progressing in three-day-
old virgin females. This contrasts with the situation in
older unmated females (e.g. five-day-old females, see
Soller et al. (1997, 1999)), which have accumulated many
mature oocytes and have largely arrested oogenesis.

The oocyte-accumulation pattern of females mated to
DTA-E males was similar to that of virgin females; they
showed an overall accumulation of stage 13—14 oocytes
(figure 2¢) and a decrease in the number of oocytes at
stages 10A—12 (figure 24). These observations indicate
that the act of mating itself and/or seminal-fluid compo-
nents other than main-cell Acps and sperm did not have
a significant effect on late-stage oogenic development in
the ovary.

In contrast, females mated to either spermless or wild-
type males showed a continuous decrease in the number
of stage 13—14 oocytes (figure 2¢) and a rapid decrease
followed by an increase in the number of oocytes at stages
10A—12 (figure 2b). Thus, during egg deposition, stage
13-14 oocytes are released from the ovaries and an
increased oogenic-progression rate is detectable in the
increased number of oocytes at stages 10A—12. Though
the oocyte-accumulation pattern of females mated to
spermless males was similar to that of females mated to
wild-type males, the magnitudes of changes in the
numbers of oocytes at stages 10A—12 and stages 13—14
were different in these two classes of females. Mates of
spermless males, for example, exhibited a decrease in
stage 13—14 oocytes that was only 45% of that observed
in mates of wild-type males. The fact that the responses
of mates of spermless and wild-type males are similar,
but differ in magnitude, indicates that both Acps and
sperm are necessary for inducing the changes in the
distribution of late vitellogenic stages.

(c) By 10 h after mating, Acps and sperm stimulate
an increase in oogenic-progression rate

During the first 10 h after mating, significant changes
in the numbers of stage 8-9 oocytes were not observed.
At 18 h after mating a significant decrease in the numbers
of stage 8-9 oocytes was observed in all females
(p < 0.05; figure 2a). A significant increase in the number
of oocytes at stages 10A—12 was also observed at this
time-point, but only in females mated to wild-type or
spermless males; however, the response observed in
females mated to spermless males was approximately
33% lower than in those mated to wild-type males
(p <0.05 figure 2b). These changes indicate that an
increase in the rate of oogenic progression from stages
8-9 to stages 10A—12 first occurs between 10 and 18h
after mating. The decrease in the number of stage 8-9
oocytes observed in virgin females supports the suggestion
in §3(b) that unmated three-day-old females continue to
produce oocytes at a low rate. Gomparison of the changes
observed in mated females indicates that while Acps can
stimulate an increase in the rate of oogenic progression
from stages 6-9 to stages 10A—12 between 10 and 18h
after mating, both sperm and Acps are required to induce
the maximal response. The fact that virgin females
exhibit a low oogenic rate, and that there is a threefold
increase in the number of oocytes at stages 10A—12 in
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Table 1. Linear regression coefficients relating to the path diagram in figure 3

dependent variable

stages 8—9 stages 10A—12 stages 1314 deposited eggs

independent variable 15} P Ié} b 164 b 15} b
constant® 20.42 0.0001 5.47 0.0001 39.18 0.0001 8.25 0.0001
stages 8-9 — — 0.05 0.1144 0.57 0.0001 0.15 0.0232
stages 10A—12 — — — — —0.37 0.0001 0.78 0.0001
stages 13-14 — — — — — — —0.53 0.0001
time: short (< 6 h)/long (> 10h) 0.45 0.4267 0.30 0.5706 3.48 0.0058 21.29 0.0001
mates of DTA-E males 2.76 0.0011 2.66 0.0007 —0.42 0.8242 —0.64 0.6632
mates of spermless males —0.40 0.6370 5.38 0.0001 —15.27 0.0001 4.64 0.0031
mates of wild-type males 0.52 0.5429 9.90 0.0001 —25.67 0.0001 10.04 0.0001
* The major part of the ‘constant’effect is due to virgin females.
mates of wild-type males compared to virgin females, — —
indicate that Acps and sperm received during mating stage
induce an increase in oogenic-progression rate rather 89
than initiating oogenic progression. —

To determine whether oogenic progression from stages —
8-9 to stages 10A—12 is mediated by feedback from egg stage 5‘
deposition, we investigated whether there was a correla- 10A-12 2 -
tion between the number of stage 8-9 oocytes, or the —_— E]
number of oocytes at stages 10A—12, and the level of egg — | &
deposition throughout the entire experimental period. The stage
number of stage 8-9 oocytes was not correlated with levels s

—

of egg deposition in mates of wild-type, spermless or DTA-
E males (r=—0.13, r=0.04 and r=0.02, respectively) v
while the nur.nber of oocytes at stages 10A—12 was loosely dqa?)%gtion
correlated with levels of egg deposition (r=0.4, r=0.46 -

and r=0.09, respectively, as above). This indicates that the
progression from stages 8-9 to stages 10A—12 that we
observed was due to the presence of Acps and sperm.

(d) Acps and sperm are the main factors that
stimulate oogenic progression

Oogenesis and egg deposition are part of a multi-step
process. Though the steps are interconnected, each step
may also be regulated individually. To evaluate the
magnitude of the effects that mating and male seminal
fluid components have on oogenic progression and egg
deposition, and to determine which stage they affect, we
quantitatively monitored each of these steps indepen-
dently but simultaneously using path analysis (Wright
1968; Li 1975; Heifetz et al. 2000). In path analysis, each
dependent variable (oogenic stage and egg deposition) is
regressed on each independent variable that is predicted
to affect it (male genotype and time after mating) and
may also be regressed on some of the other dependent
variables (figure 3 and table 1).

In females mated to wild-type or spermless males, the
number of stage 8-9 oocytes did not differ significantly
from that in virgin females, while the numbers of oocytes
at stages I0A—12 and stages 13—14 and the number of eggs
deposited did. The presence of Acps and sperm in the
seminal fluid increased the number of oocytes at stages
10A—12 by 9.9 oocytes per mated female (p < 0.0001),
decreased the number of stage 13—14 oocytes by 25.7
oocytes per female (p < 0.0001) and increased the
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Figure 3. The path diagram showing the possible combined
effects that mating and seminal fluid components and time
after mating have on the number of oocytes at each oogenic
stage, and on egg deposition. Male genotype: DTA-E or
spermless wild-type. Time after mating was examined as
two categories: short post-mating periods (1.5-6h after
mating), which include the beginning of egg deposition,
and long post-mating periods (10-24 h after mating), when
females are continually depositing eggs (all the other
combinations of time categories that have been tested show
the same result).

number of eggs deposited by ten eggs per mated female
(p < 0.0001) over the 24h examined (table 1). Thus, a
high oogenic-progression rate is detectable in females
mated to wild-type males as an increase in the number of
oocytes at stages I0A—12 and a decrease in the number of
oocytes at stages 13—14. The highest rate is seen in females
that receive both Acps and sperm. Females that received
Acps but not sperm showed twofold lower oogenic-
progression and egg-deposition rates than females that
received both. This observation supports the results in
§3(a) and §3(c) that sperm are needed for enhanced
egg-deposition and oogenic-progression rates.

Although females mated to DTA-E males had an
oocyte-accumulation pattern similar to virgin females,
path analysis revealed that the numbers of oocytes at
stages 89 and stages 10A—12 in females mated to DTA-E
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Figure 4. A model for mating and seminal fluid component
regulation of oogenic-progression rate in a three-day-old
mated female.

males were significantly different from those found in
virgin females (p < 0.0011 and p < 0.0007, respectively,
table 1). Mating to males that lack Acps and sperm
increased the number of stage 8-9 oocytes by 2.76 oocytes
per female and increased the number of oocytes at stages
10A—12 by 2.66 oocytes per female over the 24 h examined.
In contrast, the number of stage 13—14 oocytes and the
number of eggs deposited did not differ between the two
groups. These results suggest that the act of mating and/or
seminal fluid factors other than main-cell Acps and sperm
can induce an initial enhancement in oogenic-progression
rate. The number of stage 8-9 oocytes in DTA-E mated
females 1s also greater than that found in mates of wild-
type or spermless males (table 1). However, an increased
number of oocytes at stages 10A—12 and a decreased
number of stage 13—14 oocytes, both indicative of a high
oogenic-progression rate, were not observed in mates of
DTA-E males, suggesting that in the absence of Acps and
sperm the initial enhancement is not maintained.

We also used path analysis to determine how each stage
of oogenesis affected the subsequent stages in mated
females over the 24 h examined (table 1). The number of
stage 8-9 oocytes did not affect the number of oocytes at
stages 10A—12, but had a small effect on the number of
oocytes at stages 1314 (8=0.6, p < 0.0001) and
increased slightly the number of eggs deposited (8=0.15,
p < 0.023). In contrast, the number of oocytes at stages
10A—12 and stages 13—14 had highly significant effects on
the number of eggs deposited (=0.78 and f= —0.53,
respectively, p < 0.0001). The fact that the number of
stage 8-9 oocytes does not affect the number of oocytes
at stages 10A—12 suggests that the number of stage 8-9
oocytes present in the ovarioles is unrelated to the initial
increase in oogenic-progression rate, consistent with the
idea that Acps, including Acp70A (Soller et al. 1997,
1999), have their initial effect on the control point
between stages 8—9 and stages 10A—12. But a high or low
oogenic-progression rate, as reflected in the number of
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oocytes at stages I0A—12, makes a significant contribution
to egg deposition.

Time after mating had different effects on the numbers
of oocytes in each oogenic stage. Time after mating had
no effect on the number of oocytes at stages 8-9 and
stages I0A—12 in all mated females (table 1). However, in
all mated females, the number of stage 13—14 oocytes was
significantly higher (8=3.48, p < 0.006) at longer than
at shorter post-mating periods. At longer post-mating
periods females deposited 21.29 eggs per female
(p < 0.0001) more than at shorter post-mating periods.

Taken together our data suggest that Acps and sperm
are the main factors mediating enhanced oogenic
progression. Egg deposition is also regulated by Acps and
sperm but, in addition, it is influenced by time after
mating and the number of mature oocytes.

4. DISCUSSION

We showed that seminal fluid proteins and sperm are
both required to stimulate oogenic progression and egg
deposition in D.melanogaster shortly after the start of
mating. This extends the understanding of how mating
affects oogenic progression in several ways. First, after
mating, Acps can increase the oogenic-progression rate in
females that were continually producing eggs at a low
rate (this study) in addition to initiating oogenic progres-
sion in females that had largely arrested oogenesis (Soller
et al. 1997, 1999). Second, by analysing for the first time
the events during the first 24 h after mating, we demon-
strated that both Acps and sperm exert their effects as
early as 3 h after mating and that both sperm and Acps
are required for maximal response at this time. Third, we
showed that sperm, as well as Acps, are necessary to
stimulate oogenesis.

Acps and sperm may directly affect the oogenic-
progression rate, or may mediate it indirectly via feed-
back from their effect on oocyte release and egg deposi-
tion. Since we did not detect a correlation between the
number of stage 8—9 oocytes and levels of egg deposition,
our results strongly suggest that the progression from
stages 8-9 to stages 10A—12 is not primarily mediated by
feedback from egg deposition. Rather, Acps and sperm
stimulate this progression. Path analysis allowed us to
dissect further the effect of stage 8-9 oocytes on egg
deposition, and we detected a very small (though signifi-
cant) interaction between the number of stage 8-9
oocytes and the level of egg deposition. This implies that
in addition to the primary effect of Acps and sperm on
oogenic-progression rate, effects of Acps and sperm on
oocyte-release or egg-deposition rates have a small
contribution to oogenic-progression rate (figure 4). The
act of mating and/or mating components other than
main-cell Acps and sperm also appear to cause a small,
transient enhancement of oogenic-progression rate, which
is dependent upon Acps and sperm for maintenance.

Acps and/or sperm might regulate oogenesis by modu-
lating juvenile hormone or ecdysteroid levels in mated
females. In vivo, juvenile hormone titres are associated
with effects on oogenic progression: while high titres of
juvenile hormone appear to initiate oogenic progression
(Bownes & Rembold 1987; Sliter et al. 1987), lower titres
are required for it to continue (Bownes & Rembold 1987).
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Acp70A can elevate juvenile hormone ITI-bisepoxide levels
i vitro (Moshitzky et al. 1996). A role for ecdysteroids is
suggested by the observation of Harshman et al. (1999)
that the post-mating increase in whole-body titres of
ecdysteroids is abolished in the absence of sperm and
Acps. Soller et al. (1999) proposed that the balance
between juvenile hormone and 20-hydroxyecdysone
controls the initiation of oogenic progression. Further
studies are required to determine whether juvenile
hormones and ecdysteroids mediate the increase in
oogenic-progression rate as well as maintaining a high
oogenic-progression rate.

It is not known how sperm stimulate oogenic progres-
sion. Sperm transferred to Drosophila females enter special
storage organs where they can be stored for up to two
weeks until used for fertilization (reviewed by Gromko et
al. 1984). Temales mated to wild-type males can finish
storing sperm by lh after mating (Tram & Wolfner 1999).
We first detected an effect of sperm on oocyte-
accumulation patterns and egg deposition by 3h after
mating. Our data cannot determine whether the ‘sperm
effect’ is mechanical or is mediated via the innervation of
the sperm-storage organs, via some substance released
into the haemolymph from neurosecretory cells located in
the sperm-storage organs or in their genital tract vicinity
(Manning 1962, 1967, Davey 1965; Ruegg 1981), analogous
to the ‘spermathecal factor’ of Rhodnius prolixus (Davey
1965; Ruegg 1981), or via release of molecules bound to
sperm as proposed by Kubli (1992).

In summary, in a normal mating, sperm and main-cell
Acps play 1important and complementary roles in
mediating oogenic progression and egg deposition, and
both Acps and sperm affect oogenic progression as early
as 3 h after mating.
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